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Abstract 


A novel method of hydrogen generation by water electrolysis using ultra-short-pulse power supply is demonstrated. 
The ultra-short power supply consists of a static induction thyristor (SIThy) and a specific circuit which is called the 
inductive energy storage (IES) circuit. It was found that by using an ultra-short pulse with the width of 300 ns, 
electrolysis takes place with a mechanism dominated by electron transfer, which is different from the conventional 


diffusion limiting process in DC electrolysis. 


1. Introduction 


It is possible to generate hydrogen by conventional DC 
water electrolysis, but this is undesirable for environ- 
mental reasons if the electrical energy for the electrolysis 
is produced in thermal power stations from fossil fuel 
because of the generation of carbon dioxide. Fuel cells 
are promising and various systems are being studied 
worldwide. The generation of carbon dioxide during 
hydrogen generation through natural gas for fuel cells 
can be reduced compared with thermal power stations, 
but carbon dioxide is still generated. Hydrogen gener- 
ation by photo-catalysis is preferable but the process 
efficiency is still very low for practical applications. 

Recently, water electrolysis has been reconsidered as a 
promising method for hydrogen generation since the 
cost of electricity is decreasing, mainly as a result of 
wind-generated power. Hydroelectricity and nuclear 
power can be also used for water electrolysis without 
generation of carbon dioxide. Even though the electric- 
ity cost is falling, it is known that the plant cost for 
water electrolysis by DC power still dominates a large 
part of the hydrogen production cost. It is therefore 
desirable to find a new method of generating hydrogen 
from water at lower cost. In the present work, we have 
examined for the first time the applicability of an ultra- 
short power supply for water electrolysis. 


2. Principle 


In the conventional DC electrolysis of water, hydrogen 
is generated as a result of electron transfer from the 


cathode electrode to adsorbed hydrogen ions on the 
electrode surface. This electrolysis occurs when the 
applied voltage between the anode and the cathode 
exceeds the water decomposition voltage of about 1.6 V, 
the sum of the theoretical decomposition voltage of 
1.23 V at room temperature and the overvoltage of 
about 0.4 V depending on electrode materials and other 
factors [1]. DC electrolysis is a diffusion limited process 
and the current flow in water is determined by the 
diffusion coefficient of ions. It is therefore difficult to 
increase the input power for a constant volume electro- 
chemical cell without reduction in electrolysis efficiency. 

We have applied an ultra-short pulsed power supply 
based on a static induction thyristor (SIThy), invented 
by Nishizawa et al. [2, 3] and developed by Shimizu 
et al. [4, 5], and an inductive energy storage (IES) circuit 
invented and developed by Iida et al. [6, 7] and applied 
in several ways by Jiang et al. [8]. SIThys are Si devices 
with special structures for high power pulse generation 
and IES circuits are small-scaled circuits based on 
induction storage instead of conventional capacitor 
storage in order to use SIThys. We have applied SI 
thyristors developed in our laboratory to water electrol- 
ysis and found that water electrolysis occurs by a 
different mechanism from the conventional DC one. 
When the ultra-short pulse voltage of less than several 
microseconds is applied to a water electrolysis bath, the 
voltage application is so fast neither the electric double 
layer nor the diffusion layer can be stably formed in the 
vicinity of electrodes. 

The pulse width which is necessary for electrolysis 
without formation of the diffusion layer is estimated [9] 
to be 
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Here, Ar is the pulse width (s), D the diffusion 
coefficient (cm? s~'), Xgq the density of hydrogen ions 
on the cathode electrode (em) and ¥ (cm~*) is the 
concentration of hydrogen ions in the solution. This 
equation was simply calculated under the assumption 
that the total amount of adsorbed ions, Yyq, is equal to 
the diffusion layer thickness d (cm) multiplied by 
X, and d must be larger than the diffusion length 
(4D At)? during the pulse application, considering 
that the pulse application duration must be shorter 
than the time necessary to fill the diffusion layer with 
hydrogen ions. From this equation, taking as 
D=2.3x10-° cm* s"' for proton diffusion coefficient 
[1], ¥=6x10°° cm? for 1M for KOH solution and 
X,q=10'° cm™ for platinum metal surface, the pulse 
width is estimated to be about 3 us. This means that 
electrolysis occurs without forming the diffusion layer 
in the present work since the pulse width is one tenth 
of this critical 3 ys. It is also known that the time 
necessary for the formation of the stable electrical 
double layer is of the order of several tens of 
milliseconds [1]. It is therefore evident that the stable 
electrical double layer is not formed during the present 
ultra-short pulse application. Since an electric field as 
high as 2.6-47 V cm‘! can be applied in the present 
work, the lack of formation of the stable electric 
double layer means that hydrogen ions can be moved 
faster than in conventional DC electrolysis. These 
different mechanisms that arise via ultra-short pulse 


application, leading to the absence of the diffusion 
layer and the stable electrical double layer, may open 
the possibility of high capacity water electrolysis. 


3. Experimental 


In order to examine the possibility of water electrolysis 
by ultra-short pulses, 3.41 of 1 M KOH solution were 
put in an electrolysis bath. 3.3x9 cm? platinum plates 
were used as the anode and cathode. The distance 
between electrodes was set as 3cm. The solution 
temperature was kept at 293+2 K during the experi- 
ment. A conventional DC power supply and an ultra- 
short pulse power supply were used for comparison. The 
ultra-short pulse supply consisted of the IES circuit with 
a SIThy as shown in Figure 1. Ultra-short pulses with a 
voltage pulse-width of about 300 ns, with the secondary 
peak voltage ranging from 7.9 to 140 V were applied 
to the electrochemical bath with the frequency of 
2-25 kHz. The input power was changed by increasing 
the pulse frequency. 

In the IES circuit (Figure 1), the gate of the SIThy is 
connected to the anode through a diode. When the FET 
(field effect transistor) is switched on, the current 
through the inductive coil (Z,) gradually increases. 
When the FET is switched off at a certain current level, 
the current flow is instantly switched off and the inverse 
voltage V,, is induced through the coil (L,). This IES 
circuit is the simplest and most compact one yet 
reported for generating ultra-short pulses [6-8]. 





Electrochemical Cell 





IES circuit 






SI thyristor 
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Fig. 1. Ultra-short pulsed power supply circuit for water electrolysis based on the inductive energy storage (IES) circuit [6, 7] with a static 


induction thyristor (SIThy). 


In the case of water electrolysis using the above ultra- 
short pulse power, the water bath electrodes are 
connected to the secondary reactance Lz as seen in 
Figure 1. The pulsed voltage V2 is induced in the 
secondary reactance L3, synchronized with the pulsed 
voltage V,,; as seen in Figure 2. In the first stage, when 
this secondary pulsed voltage is applied to the electrodes 
in the water bath, the bath acts as a quasi-capacitor 
since the pulse width is too short for ions in the bath to 
cause a current through the bath. This gives a very short 
pulsed current J, in the circuit through the secondary 
coil (L3). This current is too rapid to be seen in the 
figure. The water bath is not a real capacitor since all 
electrons collected at the cathode are transferred to 
hydrogen ions and high voltage does not remain as in 
the case of conventional capacitors. After this pulsed 
voltage had been applied to the electrolysis bath, in the 
second stage, the current Jy flows through the circuit. 
This current flows very slowly as seen in the figure with 
several tens microseconds. Since the application of the 
pulsed voltage V2 was already terminated, this current 
flow J, may not be due to electron transfer to hydrogen 
ions but ion transport in the bath, thus compensating 
the lack of hydrogen ions in the vicinity of the cathode 
electrode. 


4. Results and discussion 


The hydrogen generation rate and its efficiency are 
plotted as a function of the input power between the 
electrodes in Figure 3. In the case of DC power 
electrolysis, when the applied voltage is increased, the 
current increases so that hydrogen generation rate 
increases, but the efficiency compared with the ideal 
generation rate decreases from 40% at 2.2 V to 8% at 
12.6 V. Here, the ideal generation rate was calculated 
from thermodynamical data [10], for the thermodynam- 
ical energy for hydrogen to be converted to room 
temperature water. The decrease in efficiency can be 
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explained mainly because an electron with high energy 
can only reduce one hydrogen ion so that the difference 
between the applied voltage and the decomposition 
voltage is dissipated as heat. Since the current itself 
is also increased by increasing the applied voltage, 
electrons which are not used for hydrogen reduction are 
also dissipated as heat. 

Contrary to the case of DC power electrolysis, ultra- 
short power electrolysis shows a quite different behav- 
iour. As seen in Figure 3(a), in the case of DC 
electrolysis, the hydrogen generation rate was not 
proportional to the input power. It deviates from the 
ideal line. The hydrogen generation efficiency is calcu- 
lated as the ratio of the real generation rate to the ideal 
hydrogen generation rate and it can be seen in Fig- 
ure 3(b) that the efficiency is largely decreased in the 
case of DC electrolysis. This decrease is mainly because 
the energy of most electrons is dissipated as heat. 

In the case of pulse power, it is seen in Figure 3(a) that 
the hydrogen generation rate is increased as the peak 
voltage is decreased. It should be noted, however, that 
the hydrogen generation rate increases as a function 
of the input power. This behaviour is quite different from 
the case of DC electrolysis. When the input power is 
increased by increasing the pulse frequency, the efficiency 
was not decreased in the case of high peak voltages, and 
was increased in the case of low peak voltages as seen in 
Figure 3(b). This behaviour is contrary to the case of DC 
power. This increase of the efficiency for the case of low 
peak voltage may be because the energy dissipation is 
decreased since each electron has lower energy and the 
pulse waveform is sharper for low peak voltages. For 
these reasons, power can be efficiently consumed for 
electrolysis. This fact implies that the ultra-short power 
electrolysis is a promising method in which the power 
application can be increased even with an increase in 
electrolysis efficiency. 

In the case of DC power, the electric field is always 
present. The electrical double layer is also present and 
the diffusion layer always exists. The current flow is 
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Fig. 2. A typical example of pulse waveforms for the first and second stages. In the first stage, an ultra-short pulse with the width of about 


300 ns is applied. In the second stage, the current flows slowly. 
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Fig. 3. Hydrogen generation rate (a) and its efficiency (b) as a function of the input power. In the case of pulsed power, various circuits with 


max: 


different voltage (V,2), current (13 


) and frequency ((i)-(iv)) have been compared. The input power is the integration of the secondary volt- 


age and current multiplied by the frequency. The ideal line was calculated from the thermodynamical energy for hydrogen to be converted to 
room temperature water. Hydrogen generation efficiencies in (b) were calculated as the hydrogen generation rate divided by the ideal hydro- 


gen generation rate at the same input power. 


therefore determined by the diffusion of ions with a 
driving force of ion concentration difference. When the 
applied voltage is increased, the efficiency decreases. In 
the case of DC power, the power applicable for a certain 
volume of the electrolysis bath is therefore limited. 

In the case of ultra-short pulsed power, the electric 
field is applied for only a very short time less than 
several microseconds which is much shorter than the 
time necessary for the formation of the constant electric 
double layer. By the application of the ultra-short pulse, 
electrons are collected on the surface of the cathode 
electrode as in a capacitor. The electrons gathered 
however are quickly transferred to hydrogen ions for 


hydrogen generation so that electrons do not remain in 
the electrode as in a conventional capacitor. After this 
electron transfer, the current J, flows slowly as shown in 
Figure 2, probably due to the ion diffusion in the 
electrolysis bath. 

From the above considerations, it can be concluded 
that the electrolysis mechanism for ultra-short pulse 
power is very different from that of DC electrolysis. DC 
electrolysis is based on electrical double layer formation 
and is a diffusion-limited process, while ultra-short pulse 
power electrolysis is based on the strong electric field 
application and the electron transfer limited process. 
This difference seems to be very important for the 


practical and industrial application of ultra-short power 
electrolysis since the electrolysis power can be increased 
without decreasing the efficiency. 


5. Conclusion 


We have shown in this preliminary work how an ultra- 
short power supply, consisting of a SIThy and an IES 
circuit, can be applied to water electrolysis for hydrogen 
generation. It has been found that an ultra-short pulse 
of about 300 ns could generate hydrogen gas. It was also 
found that power could be increased without decreasing 
the electrolysis efficiency. The present results point to 
the possibility that water electrolysis by ultra-short 
pulsed power occurs under the electron transfer-rate 
limiting mechanism, which is different from the conven- 
tional diffusion-limiting mechanism in DC power elec- 
trolysis. 
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